The paper is a review of the researches of Biomolecular Electronics
Introduction. The last decades have shown unprecedented interest in the development of analytical devices for the detection, quantification, and monitoring of different biological and chemical compounds. The dynamic field of biosensors is covered by the extensive number of reviews [1] [2] [3] [4] [5] .
As compared with existing standard methods of substrate determination, electrochemical biosensor methods of analysis have a number of advantages: they provide easy, fast, accurate, highly sensitive, spesific, and cheap procedure of measurement. Besides, real-time measurements are possible, while only minimal probe pretreatment is necessary. A biosensor is a self-contained device consisting of two functional parts. A bioselective element is in direct contact with a physical transducer, which transforms the information from biorecognition domain into an electrical or optical signal. The amplitude of such signal depends on the concentration of the analysed compound (analyte) in the sample. Biologically active materials used for the construction of biosensor systems can be divided into two main groups: catalytic (enzymes, cells, tissues, biomimics) and noncatalytic, or affinity (antibodies, receptors, nucleic acids, biomimics). Electrochemical (amperometric, potentiometric, conductometric or impedimetric), optical, calorimetric, and acoustic transducers are currently used in measuring systems. The main endevours in the biosensor development are focused on the exploration of various combinations of biological components (or their synthetic mimics) with different transducers.
In this paper our achievements in the development of electrochemical mono-and multibiosensors are reviewed. The laboratory prototypes of such biosensors were created and used in analysis of real samples for future application in medicine, environmental monitoring and food quality control.
Biosensors based on enzyme field effect transistors. The theory, technology and instrumentation for ionselective field-effect transistors (ISFETs) were thoroughly reviewed in [5] . In pH-sensitive field-effect transistors (pH-FETs) an electrical signal depends on surface potential of transistor gate dielectric depending on pH changes near the transistor's gate.
A differential pair of ISFETs (one -covered with an enzyme-containing membrane, another -a control one with a reference membrane) is usually employed to compensate common interferences such as bulk pH, ion strength, photo-and temperature changes. Enzyme field effect transistors (ENFETs) were obtained by deposition of a thin layer of enzyme-loaded composite over a pH-selective layer of ISFETs. The ENFETs functioning is based on the measurement of pH changes, locally occurring inside the bioselective membrane as a result of the enzymatic reaction involving the substrate to be assayed.
ENFETs based on direct analysis. S u b s t r a t e d ir e c t d e t e c t i o n. We developed ENFETs for direct determination of glucose, urea, acetyl-and butyrylcholine, penicillin, formaldehyde, 4-chlorophenol, creatinine, etc. The pH changes are a result of enzymatically catalysed conversion of different substrates:
Immobilized enzyme Substrate (analyte) ® product + proton or hydroxyl ion.
The corresponding enzymes are glucose oxidase (GOD), urease, acetylcholine esterase (AcChE), butyrylcholine esterase (BuChE), penicillinase, alcohol oxidase (AOX), polyphenoloxidase (PPox), creatinine deiminase (CD), etc.
The main analytical characteristics of the developed biosensors are presented in Table 1 A comprehensive analysis showed that the developed biosensors demonstrated reproducible, stable and fast (1-4 min) responses to the substrates to be measured [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Unfortunately, application of ENFETs can be restricted because of the dramatic decrease in the sensor response at increasing buffer capacity and ionic strength, pH-dependence of the enzyme kinetics, co-substrate limitation of enzymatic reaction rate (the glucose sensor).
I m p r o v e m e n t o f ENFETs a n a l y t i c a l c h ar a c t e r i s t i c s. The investigation of glucose and urea biosensors showed that main analytical characteristics of ENFETs can be improved by using charged permselective additional membranes [20] [21] [22] [23] [24] .
A narrow dynamic range of urea biosensors is a disadvantage which does not allow their appplication for measurements in whole human blood (where urea normal concentration is 6-8 mM but much higher in pathology) and, thus, previous sample dilution is required [23] . The dynamic range can be shifted toward higher concentrations by adding sodium tetraborate, a competitive inhibitor of urease [25] . Another way to overcome the problem is modulation of urease affinity as a biorecognition element. Noteworthy is a trend of the last few years to use genetically modified enzymes for the improvement of biosensor characteristics. Thus, we used a new enzyme preparation -recombinant urease from Escherichia coli with an active site, genetically modified so that urease affinity toward the specific substrate decreased. According to the information of the enzyme preparation producer, it has high, about 200 mM, K m . The improved biosensor had quite broad, 1-80 mM, dynamic range [26] , covering urea concentrations in blood and dialysate samples for both normal patients and those with renal dysfunction. Moreover this biosensor demonstrated high reproducibility and storage stability. So, the developed biosensor has working characteristics fitting the medical requirements as for direct urea measurement in blood and dialysis samples. D e t e r m i n a t i o n o f c r e a t i n i n e a n d u r e a c o n c e n t r a t i o n s. Determination of creatinine and urea, the main compounds of human nitrogen metabolism, is important for diagnostics of pathological states of kidneys and assessment of the hemodialysis effectiveness. For this purpose we developed new enzyme potentiometric monobiosensors and designed their laboratory prototypes. As bioselective elements served immobilized enzymes -creatynindeiminase of microbial origin, urease from soybeans and recombinant urease from E. coli [26] .
The biosensors were characterized by short time of analysis (1-2 min), high selectivity, reproducibility (standard deviation did not exceed 5 %) and storage stability (30-40 days). They were successfully tested in samples of blood serum and dialysate of patients with renal failure [27, 28] . The measured values of creatinine and urea concentrations in dialysate were compared with the results of traditional methods, a high level of data correlation (R = 0.98) being observed in both cases (Fig. 1) .
ENFETs based on inhibitory analysis. For determination of different toxic compounds we developed ENFET biosensors based on enzyme inhibition [2, 9, 10, 30- Table 2 . I r r e v e r s i b l e i n h i b i t i o n o f u r e a s e. The immobilised urease can be inactivated by heavy metal ions through their direct interaction with sulfhydryl groups of the enzyme active site [2, 29] . The assay protocol included measurement of the biosensor response to a fixed urea concentration before and after the biosensor incubation in a solution of heavy metal ions. The detection limits were: 1. . This inhibition is reversible in the presence of a strong chelating agent EDTA [46] which was used as a scavenging agent for reactivation of the enzyme activity and biosensor multi-use.
I r r e v e r s i b l e i n h i b i t i o n o f c h o l i n e s t er a s e s. Determination of organophosphorous and carbamate compounds is based on their ability to inhibit cholinesterases irreversibly via interaction with the serine -OH group in the enzyme active site. A decrease in cholinesterase activity after its interaction with pesticides can be effectively monitored by ENFET biosensors, which allows the toxicity assessment ( Table 2) .
The conditions of practical application of ENFET biosensors based on inhibitory analysis were investigated and critically evaluated for optimisation. The enzyme reactivation after inhibition by organophosphorous pesticides was demonstrated when using pyridine-2-aldoxime methyliodide (PAM-2) [9, 30] . At the enzyme inhibition by hypochlorite species, PAM-2 treatment did not give a restoration effect. This fact can be used as a selectivity test for discrimination of inhibition by organophosphorous pesticides or hypochlorite species.
R e v e r s i b l e i n h i b i t i o n o f c h o l i n e s t e r as e s. Steroidal glycoalkaloids (e. g., a-solanine, a-chaconine) are natural neurotoxins, the main source of which are the plants of family Solanaceae, including potato, widely used in food by millions of people. Consumption of potatoes and potato products can be potentially dangerous because high concentrations of steroidal gly- coalkaloids lead to poisoning, sometimes with fatal outcome, for both humans and animals [37] . Glycoalkaloids cause double toxic effects, firstly, as detergents, destroying cell membranes, and second, inhibiting cholinesterases, which play a key role in the transmission of nerve impulses. Thus, continuous monitoring of the glycoalkaloids level in food is considered to be of extreme importance. The determination of alkaloids concentrations by biosensors is based on the alkaloids ability to inhibit BuChE reversibly. The potentiometric biosensor with ISFETs and immobilized BuChE was developed for the express analysis of the glycoalkaloid total content which ranges within 0.2-100 mM depending on the type of alkaloid, low detection limits of 0.2 mM for a-chaconine, 0.5 mM for a-solanine, and 0.5 mM for tomatine [32] [33] [34] [35] . Glycoalkaloids were measured in potato and tomato juices by two methods, namely standard additions and using a calibration curve [36, 37] . Comparison of the results of biosensor determination with the data of thin film chromatography and HPLC analysis (Fig. 2) showed a high correlation. The biosensor developed is sensitive and highly reproducible, it provides simple and quick direct screening of glycoalkaloids in fresh potato and tomato juices without any sample pretreatment. Thus, it can be considered as a basis for the development of a commercial device for the express analysis of total glicoalcaloids in potato tubers of existing varieties and those obtained by selection or genetic modification, as well as in foodstuffs. We were the first to propose the conception of toxins determination by a multibiosensor based on the enzyme inhibition analysis [10] . The multibiosensor with a matrix of ISFETs and several bioselective elements (AcChE, BuChE, urease, glucose oxidase, and three-enzyme system -invertase, mutarotase, glucose oxidase) was developed and its main charateristics were examined [40] [41] [42] [43] . The results of inhibition of the enzyme system by different concentrations of individual toxicants and their mixtures were analyzed by the methods of mathematical statistics to develop the approach to quantitative or semi-quantitative determination of toxicants in real water samples of the environment [42] .
On the basis of this multibiosensor, we created a portable laboratory device to analyze real water samples from a number of Kyiv water reservoirs, and complex multicomponent water assays from the landfill waste for the presence of toxic substances [43] . A comparison of the sensor data with traditional methods shows a high degree of correlation (Table 3 ) [43] .
The developed multibiosensor can serve as a basis for designing and industrial manufacture of measuring apparatus for express integral and selective determination of water pollutants.
Conductometric biosensors. The biosensors based on conductometric principle seem to be very advantageous in several aspects: i) thin-film electrodes are suitable for miniaturisation and large scale production by inexpensive technology; noble metals can be changed for cheaper ones, e. g. Ni; ii) there is no need in reference electrode, no light sensitivity, small driving voltage decreases power consumption; iii) large spectrum of analytes of different nature can be determined on the basis of various reactions and mechanisms.
The method of solution conductance monitoring was originally developed for determining chemical reaction rates and only recently it has been applied to the reactions catalysed by enzymes, namely, hydrolases, proteases, oxidases, amidases, peptidases, etc. [44] .
Taking into consideration the mentioned attractive features of conductometric principle and simplicity of corresponding devices, we directed our efforts on the development of conductometric biosensors with improved working characteristics.
Enzyme-based biosensors. The enzyme-based conductometric biosensors can be used for both direct and inhibitory analysis. In the last years we developed a number of enzyme conductometric biosensors for determination of main natural metabolites and toxins, created their laboratory prototypes, and optimized them for real samples. The main analytical characteristics are presented in Table 4 .
In these biosensors we applied conductometric transducers consisting of two pairs of planar interdigitated electrodes, produced by vacuum deposition of gold or platinum on a ceramic support. Immobilized enzymes, either individual ones or their cascade, served as bioselective elements. Immobilization of enzymes with BSA on the transducer surface was performed by glutaraldehyde crosslinking. The bioselective membranes composition and the conditions of enzyme immobilization were optimized.
We developed conductometric biosensors based on direct analysis for determination of glucose, urea, ace- 
N o t e s. AAAHg 2+ -atomic absorption mercury analyzer; AAS -atomic absorption spectroscopy; TLC -thin layer chromatography; «+» -exceeding MPC; «++» -exceeding MPC by several orders of magnitude. Table 3 Comparison of different methods of the analysis of real samples of the environment [43] tylcholine, butyrylcholine, penicillin, formaldehyde, arginine, etc. (Table 4 ). The changes of conductivity during enzymatically catalysed conversion of the substrate are proportional to its concentration:
Enzyme and can be registered by the conductometric sensor system.
The conductometric enzyme biosensors, using inhibitory analysis, were created for determination of organophosphorous pesticides and heavy metal ions. The scheme of pesticides detection is based on their ability to inhibit the AcChE and BuChE activity by phos- N o t e. *Without additional charged membranes; **measurement time includes preincubation with inhibitor. Table 4 Analytical characteristics of the conductometric enzyme biosensors* phorylating serine OH -groups in the enzyme active sites. In the case of heavy metal determination, immobilised urease can be inactivated by heavy metal ions via their direct interaction with the thiol group of the enzyme active site.
The assay protocol included measurement of the biosensor response to a fixed concentration of the specific substrate before and after the biosensor incubation in a solution containing the toxic compound.
The biosensors demonstrated reproducible and stable responses to substrates and inhibitors with a measurement time of 0.5-2 min for direct and 15-20 min for inhibitory analysis. Influence of pH, buffer capacity and ionic strength was studied [45] [46] [47] [48] [49] . Responses of the conductometric enzyme sensors presented in Table 4 were shown to be strongly dependent on buffer capacity and ionic strength. We tested different additional membranes, which may control diffusion of substrates and products of the biochemical reaction for optimizing sensor operation to satisfy practical requirements [53] .
It is noteworthy that the urease-and cholinesterasebased conductometric biosensors may also serve as a reliable tool to evaluate the overall toxicity of liquid samples [46, 50, 51] . The conductometric AcChE-based biosensor was applied for control of organophosphorous pesticides photodegradation. Fig. 3 shows a correlation between HPLC measurement of parathionmethyl photodegradation and the toxicity of sample solution obtained by the biosensor [54, 55] . As the curve 4 shows, the inhibition effect registered by the biosensor increases dramatically as soon as photodegradation begins. In addition, the toxicity curve does not exactly follow the curve of appearance of paraoxon-methyl, which is more toxic toward AcChE than the precursor pesticide.
The maximal sample toxicity is obtained about 40 min after UV irradiation. It is important that even after almost complete degradation of parathion-methyl (t > 160 min) the mixture still exhibited a relatively high toxicity, mainly due to paraoxon-methyl. Such information can not be obtained by traditional methods of analysis.
Biosensors based on enzyme cascades. Determination of mono-and disaccharides (carbohydrates) at different stages of technological processes is necessary in food and beverages industry (sugar, dairy, wine production), breweries, agriculture, pharmaceutical manufacture, etc.
In recent years, we first developed new conductometric biosensors based on enzyme cascades to identify major natural saccharides -sucrose, maltose, lactose with three-enzyme system (mutarotase, glucose oxidase, and related glycosidases (invertase, a-glucosidase, b-galactosidase, respectively), and glucose -with only one enzyme -glucose oxidase [78] [79] [80] . The laboratory prototypes were created and optimized for real samples, the analytical procedure was worked out. The content of sucrose and glucose in samples of sugary drinks and juices was analyzed by the sucrose and glucose biosensors, a good correlation of the results with the HPLC data was shown (R = 0.996). The same biosensors were used to determine the content of sucrose and glucose in samples of sugar beet homogenate. The results were in good correlation with those of polarimetric method commonly used in sugar production to measure sucrose in sugar beet (R = 0.914).
Thus, the developed biosensor can be employed as a basis for industrial production of analytical tools for selective determination of maltose, sucrose, lactose and glucose. Application of such biosensors in food, pharmaceutical, biotechnical industries, agriculture, etc., can significantly simplify and improve the analysis of carbohydrates.
Cell-based biosensors. The yeast cell-based conductometric biosensor was developed for the ethanol quantification in alcoholic beverages [59] . When ethanol is added to the tested solution, the alcohol molecules penetrating through a cell membrane are oxidised A bi-enzymatic conductometric biosensor with immobilised Chlorella vulgaris microalgae as bioreceptors was described in [60, 61] . The use of micro-organisms for multi-detection can be a good alternative, since each living cell contains a large number of enzymes. Local conductivity variations caused by the algae alkaline phosphatase and AcChE activities were detected. These two enzymes are known to be inhibited by distinct families of toxic compounds: alkaline phosphatase -by heavy metals, AcChE -by carbamates and organophosphorous pesticides.
It was shown that these biosensors are quite sensitive to Cd 2+ and Zn 2+ (the detection limit is 10ppb for a 30-min exposure). For pesticides, the experiments showed that paraoxon-methyl inhibits AChE of C. vulgaris contrary to parathion-methyl and carbofuran. The biosensors were then exposed to different mixtures (Cd /paraoxon-methyl) but neither synergistic nor antagonistic effect could be observed. A good repeatability was obtained -relative standard deviation did not exceed 8 %, the response time was 5-7 min.
Capacitance biosensors and numerical evaluation of their analytical parameters. One of the most crucial problems arising in practical application of potentiometric and conductometric biosensors is a dramatic decrease in the sensor response when the buffer concentration of the measured sample increases. The same phenomenon has been observed for the formaldehyde-specific sensor based on recombinant formaldehyde dehydrogenase when measuring capacitance versus voltage [62] . The numerical simulation of the obtained experimental results using the classical site-binding model (Eq. 1) has shown that the resulted theoretical curve does not completely fit the experimental observations.
where y 0 is the potential of the functionalized insulator/ electrolyte interface, Ns is the surface density of sites, pK is the complexation constant, C eq is the double layer capacitance, and Z is the charge of the ionic species.
We suggested that classical model should be improved, since it does not take into account the phenomenon of specific adsorption of counter ions and, consequently the bio-recognition membrane potential fluctuations. To describe the membrane fractality effect we introduced a scale law term:
where S is the sensor output signal, C is the buffer concentration in bulk solution, a and b are the parameters fitting. The addition of the above mentioned scale effect term, which is attributed to the fractal nature of membrane/electrolyte interface in the Eq. 1, allowed us to get the modified equation for site-binding model: The numerical simulation of the obtained data using modified equation has resulted in theoretical curves fitting well the experimental data.
The response of the formaldehyde-sensitive biosensor has also been examined in Borate and Tris buffers, pH 8. 4 . It has been shown that in Tris buffer the C(V) curves reveal a weak shift of the initial C(V) (without formaldehyde injection) and consequently a variation of the flat-band potential (DVFB) to positive bias at increasing formaldehyde concentration, while the opposite behavior has been monitored in Borate buffer [62] . We have suggested a change in the mechanism of the signal generation due to the enzymatic transformation of formaldehyde in Tris buffer. Moreover, the biosensor sensitivity in Tris buffer decreased dramatically and became only 2.4 mV per decade (more than ten times lower than that obtained in Borate buffer). The first phenomenon was explained by the different nature of the used buffers: for Boric buffer -weak acid and for Tris one -weak base are responsible for pH-buffering, so different charge of pH-forming ions (anionic -for Borate, and cationic -for Tris) and their different interaction with bio-functionalized surface could result in opposite direction of the curves' shift. The drastic drop in sensitivity of the bio-membrane response to formaldehyde in Tris buffer was explained by chemical interaction of the Tris-base with formaldehyde [12] , masking the target analyte from enzymatic conversion to formic acid. The numerical simulation of the obtained results using modified site-binding model has resulted in theoretical calibration curves, which are in full agreement with the experimental data.
The calculated number of sites (Ns) available for binding the charged molecules released due to the enzymatic FA transformation is 5 × 10 17 sites/cm 2 in Borate buffer and 7 × 10 15 sites/cm 2 in Tris buffer. These values are the additional proofs of the described above observations and explanations. The key characteristics and fitting parameters of the capacitive formaldehyde biosensor with Borate and Tris buffers are summarized in Table 5 . We envisage that our adjusted site-binding model can also be applied further for the analysis of analytical parameters of potentiometric and conductometric sensors owing to the similarity in sensor signal generation mechanisms (charged ion species production/consumption).
Amperometric enzyme biosensors. The functioning of amperometric biosensors is based on enzymatic reactions where the concentrations of electroactive substrates/products change. These variations can be measured directly by an amperometric transducer. The enzymes generally catalyzing reactions of this kind are various oxidoreductases. The scheme of such reactions is:
Most of amperometric sensors of this kind operate at the potential of +0.65-+0.9 V.
Biosensors for determination of main components of wine. Ethanol, glycerol, glucose and lactate are important components of wine, their concentration is an indicator of quality, naturalness, taste and stability of drinks. Traditionally, wine components are analyzed by chromatographic, enzymatic, spectrophotometric, refractometric, densitometric methods, capillary electrophoresis, etc. Biosensors providing express, highly sensitive, selective and cheap analysis can be a promising modern alternative.
We developed enzyme amperometric biosensors for determination of lactate, glucose, glycerol and ethanol, designed their laboratory prototypes and specified the main analytical characteristics (Table 6 ) [63] [64] [65] [66] [67] .
Along with the development of monobiosensors, there is a need for simultaneous determination of several analytes. challenge. Therefore, we developed an amperometric enzyme multibiosensor and designed its portable laboratory prototype for wine quality control. It had the linear ranges of 0.005-0.8 mM lactate, 0.01-6.4 mM ethanol, 0.005-1 mM glucose, and sufficient storage stability. The developed system was tested in the analysis of real samples of wine products. The procedure of standardization of mono-and multisensor devices for measurements in vegetable and fruit juices and wines has been launched. Amperometric biosensors for biomedical purpose. One more field of scientific interest of our laboratory was the research aimed at the development of microbiosensors of biomedical application for analysis of neurotransmitters and metabolites. A number of amperometric microbiosensors based on various enzyme systems were developed for determination of acetylcholine, choline, glutamate, D-serine, glucose, lactate, and ATP (Table 7 ) [68] [69] [70] [71] [72] . In these biosensors we used the amperometric transducers produced in our laboratory on the basis of monocarbon fiber and platinum wire. To increase sensitivity, the carbon-based transducers were modified by electrochemically deposited ruthenium. The biosensor selectivity was increased by electrodeposition of an additional polyphenylenediamine membrane on the transducer surface. The main analytical characteristics of the developed microbiosensors are given in Table 7 . Some of the developed microbiosensors were successfully used to monitor the secretion of neurotransmitters (glutamate, D-serine) by the cell cultures of astrocytes, and in vivo -to determine the level of neurotransmitters and metabolites (glucose, lactate, glutamate) in the brain of rats.
The microbiosensors designed for ATP determination can be also used in the development of drugs based on inhibitors of certain target enzymes such as kinases, synthetases and other enzymes for which ATP is a substrate. The electrochemical biosensor will enable rapid analysis of ATP level without using radiolabeled products that will significantly improve the working conditions.
Application of nanomaterials for enhancement of analytical characteristics of biosensors. Immobilization is the key-step in biosensor construction. However, in general the conventional methods of biomolecule immobilization (physical adsorption, covalent binding, cross-linkings and entrapment in gels or membranes) have some disadvantages -low reproducibility and stability of bioselective elements, poorly controlled spatial deposition. In this context, the use of nanomaterials for the construction of biosensing devices is one of the most exciting approaches. The extremely promising prospects of these devices accrue from the unique properties of nanomaterials.
Application of zeolites. Zeolites are potentially helpful for the biosensor development due to their specific properties -low toxicity, chemical, mechanical and thermostability, tolerance to microorganisms [73] . Moreover, a wide range of modifications allows obtaining zeolites with improved properties. Zeolites can be embedded into the bioselective elements to improve analytical characteristics of biosensors, i. e. their sensitivity to the substrate, linear detection range, signal reproducibility. We applied zeolites of various kinds as alternative carriers for enzyme immobilisation [74] [75] [76] . It was shown, that use of zeolites allowed optimization of sensitivity, selectivity and stability of glucose amperometric biosensors and urea potentiometric and conductometric biosensors [74] [75] [76] .
Promising results were obtained when using natural zeolites clinoptilolite and silicalite [77] [78] [79] [80] . The developed clinoptilolite-based biosensors [77] [78] [79] demonstrated high operational stability (the coefficient of variation was within the range 0.8-7 %) and storage stability for about five months. In silicalite-based biosensors, urease was physically absorbed on zeolite by simple and fast procedure without toxic and auxiliary compounds. These biosensors were characterized by improved intra-(RSD 9 %) and inter-(RSD 4 %) reproducibility and operational stability (less than 10 % loss of activity after 10 days).
Application of carbon nanomaterials. The application of carbon nanomaterials in the elaboration of biosensors is among novel trends in modern analytical biotechnologies. Ultra-low sizes of carbon nanotubes and nanodiamonds, large specific surface area, the possibility of their modification by active groups, good biocompatibility, low toxicity and good electrical conductivity provide for active application of these materials in targeted management of the key analytical characteristics of biosensors, in particular, for the enhancement of their stability, sensitivity and selectivity. In recent years the laboratory has elaborated a number of highly sensitive and stable amperometric sensors based on nanocomposite biomembranes using carboxylated and aminated carbon nanotubes and detonation nanodiamonds [18] [19] [20] . In particular, the biosensor, based on gold printed amperometric electrodes («DropSens», «Llanera» («As-turias»), Spain) and immobilized glucose oxidase using multi-walled carbon nanotubes (MWCNT) was developed for the purpose of detecting glucose in wine. It was demonstrated that the introduction of MWCNT to the amperometric biosensor membrane promotes the increase in the signal value, expands the linear range of glucose concentration evaluation and allows evaluating the substrate in a wide range of working potential (0.3-0.8 V). Several amperometric sensors were elaborated on the basis of nanocomposite sensitive elements, based on immobilized choline oxidase for quantitative estimation of choline. The sensitivity of the elaborated biosensor is 500.0 mA M -1 cm -2 , the minimal reporting concentration of choline is 0.3-0.4 µM, the linear range of choline concentration evaluation is in the range of 0.3 up to 500 µM of analyte. It was demonstrated that the introduction of MWCNT into the enzyme-containing membrane structure contributes to the significant enhancement of its storability (after storing for five months in 100 mM phosphate buffer, pH 7.9 at 4°C the residual activity of the enzyme is 70 %). It is also noteworthy that the application of nanocomposite memb- Table 7 The developed biosensors for biomedical application ranes, based on carbon nanomaterials and conductive polymers allows creating bioselective membranes with complex architecture. We have optimized the method of obtaining a multilayer membrane, based on Nafion film (1 %) with nanodiamonds (1 %) on the surface of carbon electrodes, modified by cobalt phthalocyanine, and choline oxidase, immobilized into protein gel, for quantitative determination of choline. It was demonstrated that the modification of carbon electrodes with a film, based on nanodiamonds, provides for the three-fold increase in the sensitivity of substrate detection and the decrease in the minimal reporting choline concentration. The above mentioned results of investigations lead us to the following generalizing conclusion: the application of carbon nanomaterials and nanocomposite bioselective membranes on their basis is a promising trend both for the elaboration of new amperometric sensors and the improvement and targeted modification of their analytical characteristics. Another promising possibility is deemed to be the application of carbon nanomaterials in combination with other types of nanoparticles for the elaboration of highly organized nanocomposite membranes, which would facilitate specific targeted immobilization of bio-and chemoselective molecules of different origin practically on any surface of electrochemical, optic, acoustic and calorimetric transformers. Biosensors based on synthetic mimics of natural antibodies and enzymes obtained by the technique of molecular imprinting. Due to high selectivity of biomolecules, that are usually used as recognition elements of biosensors, combined with high sensitivity, fast response and low cost of physical transducers, biosensor-based analytical methods are recognized to be the most effective methods of modern analytical biotechnology. However, despite the fact that many laboratory prototypes of biosensors were developed up to now, the number of commercially-available biosensors is relatively small. Apparently, that is mainly associated with low stability of all biomolecules in extreme environments. Moreover, the methods of isolation and purification of enzymes, antibodies, and receptors are quite sophisticated and time-consuming, which determines their high cost. Therefore, development of highly-selective, effective and inexpensive analytical systems without unstable biological material is of great importance. Recently artificial receptors and enzymes (polymers-biomimics) attracted significant attention of analysts working in the biosensor technology field. These materials mimic binding sites of natural antibodies and receptors as well as enzyme active centers and, at the same time, combine their high selectivity with desirable stability in aggressive media. One of the most effective approaches towards synthesis of polymers-biomimics is a technique of molecular imprinting, first reported by Wulff [83] . The method assumes synthesis of highlycross-linked polymers around so-called template molecules (the analytes of interest). Extraction of the template molecules from the fully-formed polymer results in formation of cavities in the polymeric network, which in size, shape and spatial arrangements of functional groups are complementary to the templates used in synthesis (Fig. 5) Molecularly imprinted polymers (MIPs) are being traditionally used for the analytical purposes in a form of MIP particles prepared by grinding and sieving of synthesized polymer blocks or particles prepared by suspension polymerization. However, use of MIP particles in sensor technology is not effective since the majority of synthetic binding sites are loosen in course of the polymer preparation. Moreover, a number of technological problems arise during integration of polymeric particles with physical transducers. Therefore, a general approach towards synthesis of MIPs in a form of freestanding polymeric membranes and thin films on the surface of physical transducers was developed in our lab [84] [85] [86] [87] [88] .
Using the novel approaches for MIP synthesis, conductometric, amperometric, and capacitive sensor devices were developed for detection of environmental pollutants, i. e. triazine herbicides atrazine [84, 85] and desmetryn [89] , cholesterol [90] and o-hydroxyphenols [91] . The main working characteristics of the MIP-based sensors are summarized in Table 8 .
The principle of operation of all MIP-based sensors is similar to that of immunosensor devices. Biomimetics function as selective elements of the sensors, which are responsible for recognition of the analyte. MIP is immobilized on the surface of a physical transducer, which transforms a signal arising after analyte binding in the electrochemical, thermal or optical signal. The latter is proportional to the analyte concentration in the analyzed sample. The interaction of MIPs with the corresponding analyte (similarly to immunosensor devices) is not accompanied with the formation of electroactive products (protons or electrons). Therefore, the sensors for direct detection of a MIP-analyte binding event are based on a change of properties of the immobilized MIP (its electrical conductivity [84, 85] or capacity [89] ) after its interaction with the analyte.
Application of the new approaches towards MIP synthesis in a form of membranes and thin films allowed us to detect corresponding analytes in nanomolar range ( Table 7) . The detection limit for desmetryn, provided by the capacitive sensor based on thin MIP films, comprised 100 nM, while the linear dynamic range was 100-300 nM. The detection limit for atrazine, provided by the conductometric sensor based on free-standing MIP membranes synthesized by the method of in situ polymerization comprised 15 nM. The linear dynamic range of the conductometric sensor comprised 15-50 nM. Time of the sensor responses did not exceed 10-12 min.
The most promising approach towards development of MIP-based sensors is synthesis of polymers-biomimics that are capable of not only highly-selective recognition of corresponding analytes, but also of generation of a sensor response, which can be easily registered. From this point of view, synthesis of polymers-biomimics with catalytic properties, capable of highly-selective cleavage of the analytes of interest, is of great importance. This would provide a possibility of their effective electrochemical detection. For instance, synthetic mimics of a natural enzyme tyrosinase (EC 1.14. Table 8 Analytical characteristics of the MIP-based biosensors molecular imprinting. Taking into account literature data on a structure of tyrosinase active center, we assumed that a molecule of o-hydroxyphenol, which coordinates two Cu(II) ions at a distance of 3,6-4 C (as it is happens in a natural enzyme) can be imprinted using urocanic acid ethyl ester as a functional monomer. This functional monomer in the MIP would mimic histidine residues that are present in an active center of natural tyrosinase. The synthesized polymers-biomimics (in a form of both polymeric particles and polymeric membranes) were used as selective elements of electrochemical biosensors for express-detection of o-hydrohyphenols. Application of the polymers with the optimized composition as selective elements of electrochemical sensors allowed us to detect o-hydroxyphenols in aqueous solutions with the 0.078 mM detection limit, while the linear dynamic range of the sensor comprised 0.078-5 mM. Free-standing MIP membranes obtained by either the method of in situ polymerization or the method of photo-initiated grafting polymerization can be also used as a basis for easy-to-use optical (colorimetric or fluorescent) biosensor systems. The principle of their operation is the following. The analytes of interest are selectively adsorbed by the synthetic receptor sites in the polymer structure after filtration of the analyzed samples through the MIP membranes. The revealing of the adsorbed analytes is based either on generation of own fluorescence of the analyte after UV-irradiation of the MIP membranes.
Alternatively, the non-fluorescent analytes can be revealed through the formation of the colored complexes with the certain substances. Intensity of the MIP membranes' staining or fluorescence is proportional to the concentration of certain analytes in the analyzed samples. Fluorescent sensor systems for aflatoxin B1 detection were developed using the described principle [92] . The developed sensor systems provide aflatoxin B1 detection in the range 1-500 ng/ml with the detection limit of 1 ng/ml.
Application of the computational modeling method for optimization of the polymer-biomimic composition provided synthesis of highly-selective receptors capable of selective recognition of aflatoxin B1 in mixtures containing close structural analogues of this toxin -aflatoxins B2 and G2.
Colorimetric biosensor systems for detection of phenol [93] and creatinine [94] for environmental monitoring and medical diagnostics were developed on the basis of MIP membranes obtained by the methods of in situ and grafting polymerization.
Storage stability of all the described sensors and sensor systems based on polymers-biomimics was very high and comprised 12-18 months (Table 1) for the MIP membranes stored in a dry state at room temperature. All the synthesized biomimics demonstrated extremely high selectivity, which is comparable to that of their natural counterparts.
High selectivity and stability of these materials makes them an attractive alternative to natural receptors and enzymes in biosensor technology.
Conclusions. A number of electrochemical monoand multibiosensors based on different enzymes, living cells and biomimics were developed, their laboratory prototypes were fabricated (Fig. 6 ) and thoroughly investigated for real conditions of application (blood serum, blood dialisate, wine and wine must, natural fruit juices, environmental water samples, etc. 
